Each sensory organ of the Drosophila peripheral nervous system is derived from a single sensory organ precursor cell (SOP). These originate in territories defined by expression of the proneural genes of the Achaete-Scute complex (AS-C). Formation of ectopic sensilla outside these regions is prevented by transcriptional repression of proneural genes. We demonstrate that the BTB/POZ-domain transcriptional repressor Tramtrack (Ttk) co-operates in this repression. Ttk is expressed ubiquitously, except in proneural clusters and SOPs. Ttk over-expression represses proneural genes and sensilla formation. Loss of Ttk enhances bristle-promoting mutants. Using neural repression as an assay, we dissected functional domains of Ttk, confirming the importance of the bric-à-brac-tramtrack-broad complex (BTB) motif. We show that the Ttk BTB domain is a protein-protein interaction motif mediating tetramer formation. q
Introduction
The position and number of the sensilla that comprise the Drosophila peripheral nervous system (PNS) is highly stereotyped. This regularity is achieved by tight control of the formation of sensilla precursor cells. The development of the sensory organ precursor cells (SOPs) that give rise to the sensory bristles of the adult wing and notum starts in larval stages in the wing imaginal disc (Bate, 1978) . The potential to form an SOP is conferred on the cells of the imaginal disc by expression of the proneural genes achaete (ac) and scute (sc) (reviewed in Vervoort et al., 1997; Campos-Ortega, 1998; Modolell and Campuzano, 1998) . Initially, the proneural genes are expressed in clusters of cells in the imaginal disc. Progressively, this broad expression becomes refined to one cell in the cluster, which exhibits elevated proneural gene expression and forms the SOP. The singularization of proneural expression occurs by a process of mutual or competitive inhibition through which disparities in expression level within a proneural cluster are amplified by inhibitory cell-cell interactions mediated by the transmembrane proteins Delta and Notch, and ultimately transduced through the transcriptional repressor Enhancer of split (E(spl)) (reviewed in Simpson, 1997; Bray, 1998; Artavanis-Tsakonas et al., 1999; Baker, 2000) .
However, the Notch cassette is not the only mechanism to control sensilla number. A number of blanket repression systems have been shown to down-regulate proneural expression and function outside of cells destined to form SOPs. Genetic interactions have defined both extramacrochaetae (emc) and hairy as negative regulators of the AS-C (Botas et al., 1982; Moscoso del Prado and García-Bellido, 1984) . Emc blocks transcription of proneural target genes by forming non-profitable heterodimers with proneural proteins, thus titrating their function (van Doren et al., 1991 (van Doren et al., , 1992 . Hairy, in contrast, is a DNA-bound transcriptional repressor of the proneural genes (Ohsako et al., 1994; van Doren et al., 1994) . Hairy recruits at least two transcription co-factors: Groucho (Paroush et al., 1994; Fisher et al., 1996) and the C-terminal binding protein, dCtBP (Poortinga et al., 1998) . Groucho interacts with histone deacetylases suggesting that Hairy-mediated repression is achieved, in part, through the establishment of a repressive chromatin structure (Chen et al., 1999) . The activity of dCtBP is context-dependent, in some circumstances it is required for transcription repression (Hasson et al., 2001; Strunk et al., 2001 ) while in others it counteracts repression (Poortinga et al., 1998; Phippen et al., 2000) .
Once specified, each SOP delaminates from the epider-mal layer and typically undergoes a series of three asymmetric cell divisions to produce five cells which will form the adult structures of each sensillum -two external cells and an internal neuron, together with a glial and a sheath cell (Gho et al., 1999; Reddy and Rodrigues, 1999) . The characteristic structure of each sensillum has allowed a number of genetic screens for disruption of sensillum development to be performed. The tramtrack (ttk) locus was identified in one such screen (Guo et al., 1995) . tramtrack was originally cloned as a transcriptional repressor of the pair-rule gene fushi-tarazu (Harrison and Travers, 1990) . Two zinc finger DNA-binding proteins (Ttk69 and Ttk88) are encoded by ttk. They have divergent C-termini, zinc fingers and, thus, DNA-binding specificities but share a common 286 amino acid N-terminal domain that includes a conserved BTB/ POZ domain (Read and Manley, 1992) . This motif is present in a significant number of zinc finger-containing transcription regulators. The BTB domain can act as an independent transcriptional repression domain and has been shown to interact with components of the nuclear receptor co-repressor complexes including SMRT and NCoR (Dhordain et al., 1997; Huynh and Bardwell, 1998 ; but see Deltour et al., 1998) . Ttk is expressed in SOP daughter cells where it antagonizes neuronal fates. Loss of Ttk transforms the sheath cells into neurons causing neuron duplication, while over-expression has the opposite effect (Guo et al., 1995 (Guo et al., , 1996 Ramaekers et al., 1997) . However, Ttk does not only function in the PNS lineages. Ttk is expressed widely and has been shown to be required for both adult eye (Xiong and Montell, 1993; Lai and Li, 1999) and embryonic central nervous system development (Giesen et al., 1997; Badenhorst, 2001) . The general non-neuronal expression profile of Ttk and, in particular, the ability of Ttk to prevent the recruitment of ectopic photoreceptors during adult eye development (Xiong and Montell, 1993; Li et al., 1997; Tang et al., 1997) , suggested to us that Ttk may have a general role in inhibiting neuron development. We speculated that Ttk not only regulates cell fate choice in the daughter cells of SOPs but, analogous to Hairy, also acts as a blanket repressor to inhibit the formation of ectopic SOPs and sensilla. Analysis of the expression profile of Ttk in larval imaginal tissues, Ttk over-expression phenotypes, and genetic interactions between ttk and bristle-promoting mutants such as hairy is consistent with this hypothesis. Functional dissection of Ttk and biochemical analysis of the BTB motif provide a model of how repression may be achieved.
Results

Ttk is not expressed in proneural territories and sensory organ precursor cells
Previous investigations revealed that Ttk is expressed in the non-neuronal cells of sensory organs (shown diagrammatically in Fig. 1A ; Guo et al., 1995 Guo et al., , 1996 . Ttk expression prevents these cells from adopting the alternate neuronal fate. However, we speculated that Ttk also functions earlier in sensory organ formation, during SOP formation. To determine if Ttk could control SOP recruitment and, thus, sensilla number in the adult PNS, we analyzed the expression of both isoforms of Ttk relative to the proneural genes and SOP markers in third instar wing imaginal discs. Immunostaining using isoform-specific antibodies directed against either Ttk69 or Ttk88 (Lehembre et al., 2000) shows that both are expressed ubiquitously in wing imaginal discs, except in proneural clusters, SOPs and SOP daughter cells that have retained the ability to form neurons. Ttk is not detected in SOPs labelled using the enhancer-trap line A101 (Fig. 1B, C) . Later, however, Ttk is observed in the non-neuronal progeny of SOPs (arrowheads in Fig. 1D ). Cells that express the proneural genes do not react with antibodies against either Ttk isoform. Thus, in territories which give rise to the dorsal (dCh) and ventral (vCh) chemosensory bristles of the wing margin, Ttk is absent from the high-expressing Achaete-positive cells destined to form SOPs (Fig. 1E) . Moreover, Ttk is not detected in cells that express the neural precursor gene asense (Fig. 1F ).
Ectopic expression of Ttk prevents sensory organ precursor cells formation
As Ttk is excluded from proneural territories we examined if ectopic expression of Ttk could repress proneural genes and, hence, sensilla formation. Ttk isoforms were over-expressed prior to the formation of SOPs using the Gal4-UAS system of Brand and Perrimon (1993) , under the control of MS1096-Gal4. As shown in Fig. 2A , ectopic expression of Ttk69 removes the external structures (bristles and sockets) of all wing sensilla with the exception of the ventral mechanosensory bristles (these sensilla arise during pupal stages, at a time and in an area in which MS1096-Gal4 drives negligible expression). Antibody staining of pupal wings using mAb 22C10 shows that loss of external structures is accompanied by neuron ablation (data not After division of the SOP, both Ttk69 and A101 are expressed in some of the daughters (arrowhead). Ttk69 is not detected in cells expressing the proneural genes achaete (E) and asense (F). Ttk88 expression profile is identical to Ttk69 (data not shown). SOPs for the following sensilla are labelled: dCh, dorsal chemosensory bristle; vCh, ventral chemosensory bristle; 3-2, campaniform sensillum 3-2; TSM, twin campaniform sensillum.
shown). Furthermore, in third instar larval wing discs, SOPs are ablated (revealed using A101, Fig. 4B ). Over-expression of Ttk88 using MS1096-Gal4 has equivalent, albeit milder, effects on sensory organ formation. Ttk88 over-expression removes all dCh bristles but only reduces vCh and medial mech bristle numbers ( Fig. 2A, B) .
The ablation of SOPs is caused by the repression of proneural genes. Ectopic expression of Ttk69 under the control of a heat-shock promoter inhibits achaete and scute transcription (Fig. 2C) . Accumulation of Asense protein is also blocked (compare wild type and Ttk69 over-expressing discs, Fig. 2C ). Over-expression of Ttk88 also perturbs achaete, scute and asense expression showing that both isoforms of Ttk can repress the AS-C. Significantly, though, the extent of repression is lower. This could reflect differences in protein stability of the two isoforms. Both are targeted for ubiquitin-dependent proteolysis (Li et al., 1997 , Tang et al., 1997 . However, Ttk69, unlike Ttk88, is post-translationally modified by the small ubiquitin-like molecule dSmt3 (Lehembre et al., 2000) . This modification has been shown to protect IkBa from ubiquitin-dependent degradation (Desterro et al., 1998) .
Over-expression of Ttk69 also reduces the wing blade area (compare wild type and over-expressing Fig. 2A ). BrdU incorporation reveals that Ttk69 over-expression blocks cell proliferation (data not shown). In embryos, over-expression of Ttk69 blocks BrdU incorporation and cyclinE expression (Badenhorst, 2001) . Ttk88 has no effect on cell proliferation or wing blade area ( Fig. 2A ).
Functional dissection of tramtrack
To dissect functional domains of Ttk required for transcriptional repression, we exploited the ability of Ttk69 to ablate sensilla and reduce wing blade area when overexpressed using MS1096-Gal4. The Ttk69 derivatives used are illustrated in Fig. 3 . Analysis of adult wing overexpression phenotypes highlights the critical importance of the BTB domain for Ttk69-mediated repression. Mutation of conserved residues within the BTB motif (Ttk-D32A, Ttk-D32N, Ttk-K46E, Ttk-S53A), or removal of the BTB domain (Ttk-DBTB, Ttk-R113), almost completely cripples Ttk69 function. None of the effects on the area of the wing blade area are seen and only the dorsal chemosensory (dCh) bristles are reduced in number (Fig. 3) . The sensitivity of these sensilla reflects their emergence at the peak of MS1096-Gal4-directed expression (Murray et al., 1984; Huang et al., 1991) . Using the SOP marker A101, we confirmed that the effects on these sensilla are due to the suppression of SOPs and not cell-fate transformations in the sensilla cell lineages. Over-expression of the D32A BTB point mutant slightly reduces dCh SOPs (revealed using A101, Fig. 4C ). Ectopic expression of the Ttk BTB motif alone in wild-type backgrounds (Ttk-BTB) has no effect on wing development (Fig. 3) .
We also constructed a series of internal and C-terminal Ttk69 deletions to define other domains required for repression. Deletion of the C-terminal domain predicted to interact with the co-repressor dCtBP (Ttk-DSA) has no effect on Ttk69-mediated repression in this assay (see also A101-staining in Fig. 4D ). Deletion of a region including the internal dMi-2-interacting motif (Ttk-286-ZFS) yields a construct that still retains some repression activity but is less effective at preventing sensilla development (see A101 staining, Fig. 4F ) and has milder effects on cell proliferation. When both domains were deleted in a minimal Ttk69 variant that contains only the BTB motif and the zinc finger domains (Ttk-BTB-ZF), partial Ttk69 activity is observed. Directed expression of this construct ablates most dCh bristles and SOPs (Fig. 4G ) within the domain of expression, although it only partially suppresses medial mech bristles and has no effect on cell proliferation (Fig. 3) . We infer that the BTB motif and the zinc fingers alone are sufficient to confer at least some repressive activity, independent of other domains.
Structural analysis of the BTB domain
One function that has been ascribed to the BTB domain is protein multimerization and self-association. Bardwell and Treisman (1994) had defined the BTB domain as a proteinprotein interaction motif, while crystal structures show that the domain can form homodimers (Ahmad et al., 1998) and possibly higher order oligomers . To determine the stoichiometry of the interactions, we overexpressed the Ttk-BTB motif in Escherichia coli and purified it to homogeneity. Although the domain was mostly insoluble when expressed alone, when fused to glutathione-S-transferase (GST), a small fraction (approximately 2%) was soluble and could be purified. Electron microscopy of the purified fusion protein shows that most GST-BTB moieties form tetramers (Fig. 5A ). In contrast, Fig. 2 . Ectopic expression of Ttk prevents sensilla formation. (A) Over-expression of either Ttk69 or Ttk88 before SOP formation, using MS1096-Gal4, ablates most sensilla within the domain of over-expression. Ttk69 over-expression reduces the wing blade area and removes all sensilla with the exception of the ventral mech bristles (arrows). Ttk88 over-expression has no effect on wing blade area although wing veins exhibit slight deltas (arrowheads). High magnification views of the wing margin are shown for all genotypes to reveal bristle phenotypes. In the schematic, the triple row of the anterior wing margin has been flattened to reveal the characteristic sensilla types of the dorsal, medial and ventral triple row. (B) Effects on sensilla were quantified by counting the bristle number (external structures were scored) in female flies of the desired genotype. Data are the mean^standard deviation of at least 20 determinations. (C) Heat-shock-induced ectopic expression of Ttk69 (40 min at 378C and 1 h recovery at 258C) inhibits scute and achaete transcriptions and Asense protein accumulation.
the GST domain alone is monomeric. Graphical analysis of the distribution of multimer forms of GST or the GST-BTB fusion, confirms the fact that the BTB domain directs tetramer formation (Fig. 5A) .
The BTB motif was subsequently liberated by cleavage at a thrombin site separating the GST and BTB domains, and the BTB domain purified (Fig. 5B) . Analytical size-exclusion chromatography reveals that the BTB domain elutes with an estimated molecular mass of 57.2 kDa (Fig. 5B) . As the molecular mass of a monomer of Ttk BTB domain is 15 kDa, the size-exclusion data confirms the fact that the BTB motif exists in solution as a tetramer. This strong preference for tetramer formation is indicative of a unique higher order structure and is not obviously consistent with the linear arrays of homodimers proposed by Li et al. (1999) .
Mutational analysis of the BTB domain
Ttk BTB-mediated interactions were confirmed using the yeast two-hybrid system (Golemis et al., 1994) . Ttk BTB motifs were fused to the LexA DNA-binding domain, and B42 transcription activation sequence, respectively. Protein interactions in yeast were assessed by transcription of a lacZ reporter under the control of four LexA-DNA-binding sites. The resultant lacZ activity was determined and is shown in Fig. 5C . In the absence of the B42-BTB activator fusion, the LexA-BTB fusion does not activate transcription (-B42). High lacZ activity was detected when both the LexA-BTB and B42-BTB fusions were present, confirming that the wild-type domains interact in yeast. All BTB-LexA fusion proteins were targeted to the nucleus and bound DNA as indicated by the GAL1 repression assay (see Section 4), Fig. 3 . Functional dissection of Ttk69.UAS-Ttk69 derivatives were ectopically expressed in the developing wing using MS1096-Gal4. dCh and medial mechanosensory (Mech) bristle number on wings of adult female flies were quantified. Data are the mean^standard deviation of 20 independent determinations. Regions that have been shown to interact with dMi-2 (Murawsky et al., 2001 ) and dCtBP (Wen et al., 2000) are listed. The numbers of transgenic lines tested for each Ttk69 derivative are listed. discounting suggestions that the BTB motif inhibits DNAbinding (Bardwell and Treisman, 1994) .
Although wild-type BTB domains interact profitably, mutation of conserved residues within the Ttk BTB domain completely abolishes protein-protein interactions. None of the mutant BTB-LexA fusions interact with the corresponding mutant BTB-B42 fusion protein (data not shown), the wild type Ttk BTB-B42 fusion (Fig. 4C) or any of the other mutant BTB-B42 fusions (data not shown). This applies equally to non-conservative substitutions such as K46E and conservative changes such as A44G, A44V and Y88F. However, like the wild-type Ttk BTB-LexA fusion, the mutant Ttk BTB-LexA fusions are still targeted to the nucleus and are able to bind DNA as assayed by the GAL1 repression assay (data not shown).
We attempted to characterize biochemically selected Ttk BTB mutants. Fusion proteins between GST and mutant Ttk BTB motifs were successfully over-expressed in E. coli.
However, significant quantities of correctly folded, soluble protein could not be recovered for any of the mutant proteins (data not shown). We speculate that the correct folding of the BTB domain is stabilized by multimer contacts, which are blocked in the mutant proteins.
tramtrack interacts genetically with bristle-promoting mutants
The expression profile of Ttk, and its ability to repress proneural genes when expressed ectopically, suggested that Ttk functions like the transcriptional repressors hairy and emc as a global regulator to limit AS-C expression to proneural clusters. To confirm this we determined if loss, or reduction, of Ttk induces excess SOP production. We looked for dominant interactions between ttk and known bristle-promoting mutants. A series of ttk alleles were used: mutations that reduce both Ttk69 and Ttk88 Fig. 4 . Effects of ectopic Ttk69 expression on SOP formation. UAS-Ttk69 derivatives were over-expressed in the developing wing using MS1096-Gal4. SOPs for chemosensory (dCh and vCh) bristles and notum macrochaete were revealed using the enhancer-trap line A101 (neuralized-lacZ). Over-expression of fulllength Ttk69 ablates all SOPs (compare wild-type A and Ttk69 over-expressing B). A construct lacking the putative dCtBP-interaction domain (DSA, D) shows the same effect as the full-length one. A construct that lacks the dMi-2-interacting region (286-ZFS, F) shows reduced activity. A minimal construct that lacks both regions (BTB-ZF, G) has partial activity. dCh, dorsal chemosensory bristle; vCh, ventral chemosensory bristle SOPs.
(Df (3R) (Fig. 6A,  B) . In contrast, slightly elevating Ttk69 levels through basal expression from a hs-ttk69 transgene decreases the strength of the ac Hw49c phenotype. ttk mutants that affect both isoforms of Ttk also interact dominantly with hairy and emc alleles to cause a phenotype that mimics the gain-of-function ac Hw mutations. Adult emc/ ttk transheterozygous flies develop ectopic bristles on the wing blade (Fig. 6B) Fig. 6B ) showing that reduction of both Ttk69 and Ttk88 is required for ectopic bristle production. The bristle de-repression seen in h IL , ttk rM730 /1males is reduced or abolished when activity of the achaete-scute complex is compromised, confirming that the AS-C is the target of Ttk repression. Thus, a deletion of the 5 0 regulatory region of ac, (Df(1)y-ac) reduces ectopic bristles fourfold (Fig. 6B) . Introduction of the regulatory mutation sc 1 reduces ectopic bristle number further. A deficiency that removes the asense transcript (ase 1 ) completely blocks ectopic bristle development (Fig. 6B) . Wen et al. (2000) have shown that Ttk69 protein can bind to the co-factor dCtBP in vitro. dCtBP also binds to Hairy and a number of transcriptional repressors. In some circumstances, dCtBP functions as a co-repressor (Hasson et al., 2001; Strunk et al., 2001 ). However, Wen et al. (2000) showed that reduction of dCtBP levels increases the severity of Ttk69 over-expression phenotypes in the eye suggesting that dCtBP counteracts Ttk69 repression. Moreover, Phippen et al. (2000) have argued that dCtBP can interfere with transcriptional repression by Hairy. We used ectopic wing bristle production as an assay to show that dCtBPinteracts with both ttk and hairy (Fig. 6A, B) . ttk/dCtBP and hairy/ dCtBP transheterozygotes develop ectopic bristle on the wing blade, arguing that dCtBP is required for transcription repression of the proneural genes.
Finally, we explored the ability of the BTB domain to compromise wild-type Ttk function. Previously, we showed that over-expression of the Ttk BTB domain in a wild-type background has no effect on bristle development (Fig. 3) . However, when levels of either Ttk or Hairy are reduced by half (Df(3R)awd-KRB/1 or h IL /1) over-expression of the BTB leads to the development of ectopic bristles on the wing. This suggests that the BTB domain can form nonprofitable multimers with wild-type Ttk protein to titrate its function.
Discussion
A dual role of Ttk in peripheral nervous system development
Previous studies demonstrated that Ttk is required for the development of the adult and embryonic PNS (Guo et al., 1995 (Guo et al., , 1996 Ramaekers et al., 1997) . It was shown that Ttk acts in the daughter cells of SOPs to distinguish non-neuronal cells from their neuronal siblings. In ttk mutants, nonneuronal cells are transformed into neurons leading to neuron duplication in each sensillum. Our studies reveal that Ttk plays an additional function during sensilla development, namely to control the number of cells that are initially recruited as SOPs. ttk interacts genetically with hairy and emc. We show that analogous to hairy and emc Ttk acts as a blanket transcriptional repressor to inhibit the formation of ectopic SOPs and sensilla outside of proneural regions. Like Hairy, Ttk acts as a factor that patterns AS-C expression, limiting proneural gene expression to the proneural clusters, thus committing cells that lie outside these domains to the epidermal fate.
However, we cannot exclude that Ttk also participates in the process of SOP singularization, and represses proneural expression in those cells of the proneural cluster that are not destined to form SOPs. When over-expressed, Ttk has the ability to repress achaete expression in all cells of the wing imaginal disc, including proneural clusters and the presumptive SOPs. This distinguishes Ttk from Hairy. Ectopically expressed Hairy only blocks achaete expression outside proneural clusters, while expression in the presumptive SOPs is unaffected. Further evidence that Ttk may function during singularization has been provided by Guo et al. (1996) who show that Ttk88 levels can be regulated by Notch signaling. Recently, another regulator of Ttk, Phyllopod, has also been revealed to act at multiple stages of sensilla development. Phyllopod is part of a protein Fig. 5 . Structural analysis of the Ttk BTB domain. (A) Electron microscopy shows that purified GST-Ttk BTB protein exists as a tetramer. In contrast, GST is monomeric. Higher magnification insets reveal the four domains in every GST-BTB structure. The distribution of multimer forms for GST and GST-BTB are shown graphically. (B) Tetramer formation was confirmed by size-exclusion chromatography of the isolated Ttk-BTB domain, liberated from GST-BTB by thrombin cleavage (lane 3). The purified protein elutes with an estimated molecular mass of 57.2 kDa -3.8 times the monomer mass. (C) Yeast two-hybrid assay was used to confirm BTB-mediated protein interactions and define residues critical for multimerization. Data show interaction between singly mutant BTB-LexA fusions and wild-type BTB-B42 fusions. Points are the mean and standard deviation of five independent determinations. complex that targets Ttk for protein degradation (Li et al., 1997; Tang et al., 1997) . Phyllopod functions both during SOP recruitment and subsequent development of the daughter cells (Pi et al., 2001 ). The two activities of Phyllopod probably reflect the requirements we have demonstrated for Ttk at two stages of sensilla development. Genetic epistasis places Phyllopod downstream of Notch but upstream of Ttk.
Local activation of Phyllopod during SOP singularization could target Ttk for destruction allowing proneural gene expression.
Targets of tramtrack
Ttk blocks SOP recruitment by repressing transcription of Fig. 6 . tramtrack interacts genetically with bristle-promoting mutants. (A) Partial loss of ttk increases the severity of ac Hw-49c phenotypes. Adult flies transheterozygous for ttk rM730 and alleles of hairy or dCtBP also exhibit ectopic bristles on wing veins (L2). Genetic interactions between ttk and bristlepromoting mutants were scored by counting the total number of ectopic bristles on 20 adult wings female flies of each genotype; except for AS-C deficiency crosses where numbers were scored in males. Ectopic bristles are defined as bristles that develop in areas of the wing where bristles are not found in wild-type flies -in particular, along the wing veins (L2-5). ** indicates genotypes for which the mean^standard deviations of ectopic bristle number are not statistically different at the 99% level of confidence. the proneural genes. We show that in the developing PNS, Ttk completely inhibits achaete and asense expression and blocks part of the scute expression profile. Surprisingly, in the embryonic central nervous system (CNS), Ttk overexpression only represses asense but has no effect on achaete (Badenhorst, 2001) . Inspection of the promoters of the proneural genes reveals that the immediate 5 0 promoter region of asense contains many clustered consensus Ttk69-binding sites (Fig. 7) , suggesting that Ttk inhibits asense by directly repressing the proximal promoter. In contrast, the upstream promoter region of achaete does not contain large numbers of consensus sites. A cluster of Ttk69-recogntion sites is found downstream of achaete. It is conceivable that specific repression of achaete in the PNS is achieved by blocking PNS-specific enhancers while not affecting regulatory elements required for expression in the CNS. The existence of separate enhancers directing expression of achaete and scute in the CNS and PNS has been inferred from deletions and inversions that affect subsets of the achaete expression profile (Skeath et al., 1992; Gómez-Skarmeta et al., 1995; Ruiz-Gómez and Ghysen, 1993) . Alternatively, Ttk may repress achaete in cooperation with other factors that are only present in the wing imaginal disc and not expressed in the CNS. Ttk69 binds to the dMi-2 subunit of NURD -the nucleosome remodeling deacetylase (Murawsky et al., 2001) . Recruitment of histone deacetylases to the Ttk69-binding sites downstream of achaete could establish an acetylation-free domain covering achaete if deacetylase activity spreads from the initial site of recruitment to modify flanking nucleosomes. Such deacetylation may be required to allow other factors to repress achaete.
We found that over-expression of either isoform of Ttk can repress achaete and asense expressions. However, Ttk69 consistently has stronger effects. One explanation for this difference is that the isoforms may have different protein stabilities. Both isoforms are subject to ubiquitindependent proteolysis (Li et al., 1997; Tang et al., 1997) , but Ttk69 is also modified by the ubiquitin-like protein Smt3 (Lehembre et al., 2000) . Smt3-modification has been proposed to protect target proteins from ubiquitin-dependent proteolysis (Desterro et al., 1998) . Further evidence that Ttk69 and Ttk88 co-operate to repress proneural genes is provided by the genetic interactions between ttk and bristle-promoting mutants. Only ttk alleles that reduce expression of both Ttk69 and Ttk88 levels show a strong interaction. ttk 1e11 which only affects Ttk69 but does not enhance phenotypes significantly. Flies mutant for ttk 1 , which reduces Ttk88 expression, are homozygous viable and do not show ectopic wing bristles. Although this mutation also has a slight Ttk69 gain-of-function phenotype caused inappropriate translation of Ttk69 in some microchaete daughter cells (Okabe et al., 2001 ), we find that this effect is largely confined to abdominal and thoracic microchaete and that wing sensilla are unaffected.
Functional dissection reveals multiple modes of repression
Our deletion analysis of Ttk69 shows that only two domains are obligatory to repress SOPs -the BTB domain and the zinc finger DNA-binding motifs. Deletion of the BTB domain completely blocks the ability of Ttk69 to function as a transcriptional repressor. Conversely, a minimal construct that contains the BTB and DNA-binding domain has partial activity when expressed at high levels. We found that deletion of the putative dCtBP-interacting region of Ttk69 (Wen et al., 2000) has little effect on repression, suggesting that it is dispensable. Conversely, Wen et al. (2000) found that constructs lacking this domain are less effective at repressing photoreceptor development when over-expressed during eye development. We show that ttk interacts genetically with dCtBP, but it is unclear whether this reflects the involvement of dCtBP in Hairy-or Ttk- Fig. 7 . Distribution of consensus Ttk69-binding sites in the AS-C. Consensus Ttk69-binding sites (AGGAY) were identified in the Celera DNA sequence of the AS-C (GenBank AE003417). Locations of clusters of recognition sites (red: 10 sites within 700 bp; blue: 10 sites within 1 kb) are shown relative to transcripts in the interval numbered according to the Celera sequence. Locations of putative regulatory elements were derived from Skeath et al. (1992) , Ruiz-Gómez and Ghysen (1993) Gómez-Skarmeta et al. (1995) .. mediated repression. One explanation may be that dCtBP is only required under certain circumstances for repression of a subset of Ttk69 target genes. The transcriptional repressors Brinker and Giant interact with dCtBP, yet dCtBP is only required to repress a subset of their targets (Hasson et al., 2001; Strunk et al., 2001) .
Using a variety of assays, Murawsky et al. (2001) showed that dMi-2 physically associates with Ttk69. We find that deletion of the dMi-2-binding region partially abrogates Ttk69 function. However, the effect is milder than mutations that affect the BTB domain. Thus, interactions with dMi-2, while important, are not obligatory for repression. We suggest that Ttk can repress transcription by a number of independent, partially redundant mechanisms.
Structure and activity of the BTB domain
Mutation or deletion of the BTB domain cripples Ttk69 function, highlighting the importance of this domain. A number of functions have been proposed for the BTB domain. The simplest is that the BTB domain allows cooperative DNA-binding that increases the affinity of transcription factors for their target sites. Katsani et al. (1999) showed that the BTB motif increases DNA-binding affinity of the GAGA transcription factor. GAGA variants containing the BTB domain have a higher affinity for natural targets that contain multiple DNA-binding sites than GAGA proteins that lack this domain. We show that the Ttk BTB domain can direct tetramer formation and that clusters of multiple Ttk-binding sites occur on the asense promoter. By blocking cooperative DNA-binding, mutating or removing the Ttk BTB domain will decrease the affinity and specificity of Ttk for its natural targets like asense, and thus abrogate repression.
However, the functions of the BTB domain are not limited to self-association and multimerization. The BTB domain of Bric-à-Brac can bind to dTAF II 155, a component of the transcription initiation machinery (Pointud et al., 2001) . A similar interaction has also been observed with BTB domain of Ttk in a two-hybrid assay (C. Murawsky, unpublished observations) . Interactions between the Ttk BTB domain and dTAF II 155 may disrupt the basal transcription machinery to repress transcription.
Alternatively, some BTB domains, such as the BTB motifs of Bcl6 and PLZF, have been shown to recruit corepressors such as SMRT and N-CoR that in turn are part of histone-deacetylase-containing complexes that are implicated in transcriptional repression (Dhordain et al., 1997; Huynh and Bardwell, 1998; Wong and Privalsky, 1998 ; but see Deltour et al., 1998) . It is interesting to note, in this context, that Ttk69 possesses another region that recruits dMi-2, the ATPase subunit of NURD -the nucleosome remodeling deacetylase (Murawsky et al., 2001) . The molecular activity of dCtBP remains elusive, but it has been suggested to modulate histone deacetylases (Phippen et al., 2000) . We speculate that Ttk directs the co-ordinate recruitment of distinct families of nucleosome remodeling and deacetylating complexes to the promoters of target genes. Stable repression requires a composite built from activities that, separately, may be dispensable in overexpression assays.
Experimental procedures
Molecular techniques
Evolutionarily conserved residues in the BTB motif of Ttk69 were mutagenized by site-directed mutagenesis according to the method of Kunkel, (1994) . The following single amino acid substitutions were made: D32A; D32N; A44G; A44V; H45F; H45K; H45N; K46E; L49D; L49N; S53A; Y88F; L109N; L109D.
Yeast two-hybrid interaction was performed using the LexA system (Golemis et al., 1994) . Sequences encoding amino acids 1-132 of the respective wild type and mutagenized BTB domains were cloned into the plasmids pLEX(1-202) 1 PL and pJG4-5, fusing the BTB motif to the DNAbinding domain of LexA or the B42 transcription activation motif, respectively.
Yeast strain EGY48 was transformed sequentially with individual pJG4-5 and pLEX(1-202) 1 PL derivatives and the plasmid pJK103, which contains lacZ under transcriptional control of a LexA operator. Interactions were assessed after cultures were grown overnight at 308C in selective liquid media containing 2% galactose to induce synthesis of the B42-BTB fusion. Cells were harvested and lacZ activity quantified using the protocol of Reynolds and Lundblad (1994) . Activity was expressed relative to extract protein concentration, determined after the method of Bradford (1976) . To confirm that LexA-protein fusions were synthesized and capable of binding DNA, and to exclude partner-independent activation by these fusions, EGY48 was transformed with the pLEX(1-202) 1 PL derivatives and pJK101 and fusion-dependent repression of Gal1 activation assessed using the quantitative lacZ assay described above.
Fly strains
Flies were raised at 258C. All mutations and genetic aberrations used are as described by Lindsley and Zimm (1992) and Flybase. The following ttk mutations were used: Df(3R)awd-KRB a deficiency that removes the entire locus; ttk rM730 or ttk 00219 that both contain P-element insertions within the ttk promoter and reduce levels of both Ttk69 and Ttk88; ttk 1e11 -that affects only Ttk69 (Lai and Li, 1999) ; and ttk 1 that reduces Ttk88 (Xiong and Montell, 1993) . h IL is a strong hairy allele, emc E12 the deficiency Df(3L)emc-E12 that removes the emc locus, and emc IP15 a strong emc mutant.
Targeted over-expression of Ttk69 deletion derivatives and point mutant proteins was achieved using the Gal4/ UAS system (Brand and Perrimon, 1993 ) using MS1096-Gal4. Details of vector construction are available on request. Constructs are shown diagrammatically in Fig. 3 . BTB point mutant constructs are Ttk-D32A, Ttk-D32N, Ttk-K46E and Ttk-S53A. Deletion derivatives are: Ttk-DBTB (amino acids 132-641); Ttk-R113 (318-641) Ttk-DZFS (1-500); Ttk-FZN (132-500); Ttk-DSA (1-588); Ttk-BTB (1-132); Ttk-ZF (500-588); Ttk-ZFS (500-641). Internal deletions are: Ttk-BTB-ZF (amino acids 1-132 and 500-588); Ttk-BTB-ZFS (1-132 1 500-641); Ttk-286-ZFS (1-284 1 500-588) and Ttk-BTB-R113 (1-132 1 318-641). Stable Drosophila lines expressing these constructs were generated by P element-mediated transformation.
Biochemical analysis of the Ttk BTB domain
Wild-type and mutant Ttk BTB domains (D32N, H45N,  L49N , Y85F) were cloned into pGEX2-T to express amino acids 1-132 of the Ttk sequence fused to GST. GST-BTB fusions were expressed in E. coli BL21(DE3) and purified as described by Smith and Corcoran (1994) .
To separate the BTB motif from GST, protein samples were dialyzed against 100 mM Tris (pH 8.0), 1 mM ethylene diamine tetraacetic acid (EDTA), 100 mM NaCl, 10% glycerol, 1% Triton X-100, 10 mg/ml aprotinin, 10 mg/ml leupeptin, 10 mg/ml Pepstatin A, 100 mg/ml PMSF to remove glutathione, after which thrombin (Novagen) cleavage was performed as described by the manufacturer. The BTB motif was purified from the GST domain and uncleaved GST-BTB by passage over glutathione-agarose beads (Pharmacia).
GST-BTB fusions (5 mg/ml) were coated on electromagnetic grids and negative stained using 1% uranyl acetate. Samples were viewed using a Philips EM10 electron microscope at 71000 £ magnification. Purified Ttk-BTB domains were subjected to gel-filtration analysis on Superose-12, using molecular weight standards (Sigma).
Immunocytochemistry and in situ hybridization
Imaginal discs isolated from third instar larvae were fixed on ice for 20 min in PBT (phosphate-buffered saline (PBS), 0.1% Triton X-100) containing 3.7% formaldehyde. After three washes in PBT, discs were blocked in BBT (PBT, 10% fetal calf serum) prior to antibody incubation overnight at 48C in BBT. Subsequent washes and secondary antibody incubations were in PBT. FITC-, Cy3-and Cy5-conjugated anti-IgG secondary antibodies (Jackson Immunoresearch) were used. Wherever enhancement of the signal was required, biotinylated anti-IgG secondary antibodies (Jackson Immunoresearch) were used, followed by incubation with FITC-, Cy5-or Cy3-conjugated streptavidin (Jackson Immunoresearch). Discs were washed in PBT, mounted in PBS containing 90% glycerol and 1 mg/ml phenylenediamine, and viewed using an MRC 1024 confocal microscope.
Antibodies used were: mouse mAb 990E5F1 anti-Ac (1:40; Skeath and Carroll, 1991) ; rabbit anti-Ase (1:1000; ; rabbit anti-b-galactosidase (1:1000; Cappel); mouse mAb50-1a anti-lacZ (1:100).
Digoxigenin-labelled ribroprobes were prepared and hybridization performed as described by Lehmann and Tautz (1994) .
